Introduction
============

Stroke is an important clinical neurologic disorder and the most common cause of severe adult disability. Brain cells undergo cell death and release their cytoplasmic contents into the extracellular space, thereby evoking inflammatory cascades and amplifying tissue damage.^[@bib1],\ [@bib2],\ [@bib3]^ Reactive macrophages and leukocytes are recruited into hypoxia-ischemic brain injury regions. These cells cooperate with resident neurons, astrocytes, and microglia and result in the generation of pro-inflammatory mediators, including enzymes, such as inducible nitric oxide synthase (iNOS) and cyclooxygenase-1 (COX-1), and cytokines and chemokines, such as interleukin-1 (IL-1), IL-6, IL-8, tumor necrosis factor-alpha (TNF-α) and monocyte chemoattractant protein-1 (MCP-1).^[@bib2],\ [@bib4],\ [@bib5]^ Although certain inflammatory conditions may have positive effects on brain repair and neurogenesis.^[@bib6],\ [@bib7],\ [@bib8]^, severe bouts of acute or prolonged inflammation in general can decrease neuronal viability and hinder brain regenerative processes under conditions of hypoxia-ischemia brain injury. Previous studies have demonstrated the beneficial effects of neural stem cell and mesenchymal stem cell (MSC) transplantation in central nervous system injuries, including Traumatic Brain Injury (TBI), stroke and spinal cord injury animal models.^[@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ The major findings of these studies have suggested that MSCs increase host cell survival, improve neurological functional recovery, promote the proliferation of endogenous neural progenitor cells in the neurogenic niche and decrease brain inflammation.^[@bib15],\ [@bib16],\ [@bib17]^ Recently, many studies have demonstrated that MSCs possess immunomodulatory properties. MSCs directly inhibit the proliferation of T lymphocytes and microglial cells and modulate the cytokine secretion profile of dendritic cells and monocytes.^[@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^ The immunosuppressive effect of transplanted MSCs has also been demonstrated in Alzheimer's disease.^[@bib23],\ [@bib24]^

Global transcriptome analysis in our lab has revealed that AMSCs in a hypoxic environment show increased expression of transforming growth factor-beta (TGF-β), IL-10, IL-4 and CD200. These genes encode anti-inflammation factors predicted to undergo modification, as described above.^[@bib25]^ Thus, AMSCs behave differently under hypoxic conditions than under normal conditions. Interestingly, CD200, a membrane glycoprotein belonging to the immunoglobulin superfamily, is highly expressed in AMSCs under hypoxic conditions. CD200 is important in the regulation of immune responses and plays a critical role in the maintenance of immune homeostasis. CD200 suppresses the functions of myeloid cells, such as macrophages and neutrophils, by binding to the CD200 receptor and stimulating differentiation into the regulatory T cell subset. In addition, CD200 facilitates anti-inflammatory TGF-β synthesis.^[@bib26],\ [@bib27],\ [@bib28]^ However, the functional mechanism of CD200 in neurological disorders and stroke currently remains unclear. We hypothesized that highly expressed CD200 from AMSCs under hypoxic conditions plays a crucial therapeutic role in ischemic stroke rat models by increasing the anti-inflammatory response and modulating levels of immune cytokines. In the present study, we demonstrated that ischemic damages gradually increased inflammatory cytokine expression, but CD200-positive AMSCs suppressed the production of pro-inflammatory cytokines, thus decreasing brain inflammation in a rat stroke model. Finally, we provide preclinical evidence suggesting that CD200 is a key molecule governing the beneficial effects of AMSCs in stroke patients.

Materials and methods
=====================

AMSC culture and expansion
--------------------------

All procedures performed in this study were reviewed and approved by the Institutional Review Board of CHA General Hospital, Seoul, Korea. Human placenta was collected immediately after delivery in CHA General Hospital, Seoul, Korea. Informed consent was obtained before the use of patient samples. After the placenta was obtained, the amniotic membrane was carefully dissected and rinsed with phosphate-buffered saline (PBS, Welgene, Gyeongsangbuk-do, Korea). The collected tissue samples were cut into small pieces and digested with 0.5% collagenase IV (Sigma, St. Louis, MO, USA) in a shaker incubator at 37 °C for 30 min. The collected cells were cultured in a T-25 flask (2 × 10^5^ cells per mm^2^, Nunc, Rochester, NY, USA) in alpha-MEM supplemented with 10% fetal bovine serum (Gibco, Grand Island. NY, USA), 100 μgml^−1^ each of penicillin and streptomycin (Gibco), 25 ng ml^−1^ FGF4 (R&D Systems, Minneapolis, MN, USA), and 1 μgml^−1^ heparin (Sigma). All cultures were maintained at 37 °C in an incubator with 5% CO~2~, and the culture medium was changed daily. We confirmed the AMSC retained characteristics phenotypes of MSC through flow cytometry analysis ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). In each experiment, the cells were grown to approximately 80% confluence, and only cells below passage 5 (P5) were used for subsequent experiments.^[@bib24],\ [@bib29]^

R-seq and network visualization
-------------------------------

Raw read data generated by an Ion Proton sequencer were filtered to exclude poor quality data. Read alignment was performed using STAR v.2.3.0 aligner.^[@bib30]^ on the UNIX platform with default parameters. This analysis produced alignments in the SAM format, which were converted to BAM files and sorted by using SAM tools.^[@bib31]^ for subsequent analysis. Genome (.fa) and transcript references (.gtf) were obtained from the Ensembl database. The unmapped reads from the first alignment step were re-aligned with bowtie2.^[@bib32]^ to increase the mapping rate. The HTSeq-count program.^[@bib33]^ was used to obtain raw gene-level read counts via the intersection-nonempty mode. The gene-level read counts were used as input for DESeq.^[@bib34]^ to normalize the counts and to analyze differentially expressed genes (DEG). Molecular interactions between CD200 and well-known anti-inflammatory factors were visualized by using Cytoscape.^[@bib35]^

Immunophenotypic analysis
-------------------------

Flow cytometry analysis was performed on AMSCs at P5. Briefly, 2 × 10^5^ cells were incubated for 30 min with fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated antibodies directed against the following proteins: SSEA4, TRA-1-60, TRA-1-81, CD34, CD13, CD90, and CD9 (BD, Becton Dickinson, San Jose, CA, USA), and CD200(R&D system). Ten thousand events were acquired per antibody via fluorescence-aided cell sorting (FACS) by using a Calibur Flow Cytometer. The results were then analyzed using CellQuest Pro software.

siRNA Study
-----------

Transient and stable transfection was performed using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. Briefly, AMSCs (5.0 × 10^4^) were plated onto 6-well plates in culture medium containing 10% FBS without antibiotics at 1 day before transfection, such that the cells were 50 to 60% confluent at the time of transfection. On the day of transfection, 100 pmol of siRNA was mixed with 10 μl of Lipofectamine RNAiMAX in 1 ml of Opti-MEM medium (Invitrogen). The mixture was incubated for 5 min at room temperature and added to AMSCs in fresh medium lacking serum. siRNA duplex-Lipofectamine RNAiMAX complexes were prepared using either CD200 siRNA (cat No. 1027787, Bioneer, Seoul, Korea). Twenty-four hours after transfection, the cell culture medium was exchanged with fresh medium.

Microglial cell co-culture
--------------------------

The BV2 mouse microglial cell line was maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Gibco), 2 m[M]{.smallcaps} glutamine, and 100 μg ml^−1^ each of penicillin and streptomycin (Gibco) at 37 °C in an incubator with 5% CO~2~. BV2 cells were stimulated with lipopolysaccharide (LPS) (Sigma), and all experiments were performed in triplicate. For subsequent migration experiments, BV2 cells were cultured in a Transwell system. Transwell (BD) six-well dishes with a membrane pore size of 0.4 μm were used. AMSCs (2 × 10^5^ cells per well) were seeded in the Transwell inserts. BV2 cells (2 × 10^5^ cells per well) were seeded in 6-well dishes and incubated overnight to allow attachment. AMSCs and BV2 cells were co-cultured for the LPS stimulation experiments. The plates were treated with 100 ng/ml of LPS for 12 h.

Nitrite quantification
----------------------

The level of NO~2-~ in the culture supernatants was measured to assess NO production in BV2 cells after LPS treatment. Fifty-microliter aliquots of the samples was mixed with 50 μl of Griess reagent (Promega, Madison, WI, USA) in a 96-well plate and incubated at 25 °C for 10 min. The absorbance was measured at 550 nm with a microplate reader. NaNO~2~ was used as the standard to calculate the NO~2~- concentration.

MCAO model
----------

All animal experiments were performed in an authorized animal care facility in accordance with the guidelines of the Committee for the Care and Use of Laboratory Animals. Male Sprague-Dawley rats (8 weeks) were anesthetized with isoflurane (Hana Pharm. Co., Ltd. Seoul, Korea; induction 4%, maintenance 1.5%) in 70% N~2~O and 30% O~2~ using a face mask with a small animal ventilator (Harvard Apparatus). The right external carotid artery was ligated and cut at 5 mm distal to its bifurcation. A 3-cm length of 4-0 nylon monofilament (AILEE Co., Busan, Korea) was then placed in the external carotid artery. A silk suture (AILEE Co.) was tightened around the monofilament with an intraluminal nylon suture to prevent bleeding, and the micro-clip was removed. The nylon suture was then gently advanced into the internal carotid artery past the circle of Willis until the origin of the middle cerebral artery (MCA) was reached at approximately 2 cm from the carotid bifurcation. After 2 h of occlusion, a mini-clip was again placed on the common carotid artery, and the intraluminal suture was removed for MCA reperfusion. After surgery, the animals were randomly assigned into either the sham-control or MCAO treatment group.

Intracerebral transplantation
-----------------------------

We randomly divided all MCAO model rats into two groups: group 1 (control), 10 μl of PBS injection (*n*=30); and group 2, 10 μl of PBS with AMSC (1X10^5^ cells) injection (*n*=30). Twenty-four hours after MCAO model surgery, all rats were anesthetized with a combination mixture of ketamine (44 mg kg^−1^, IP, Huons, Seongnam-si, Korea) and xylazine (13 mg kg^−1^, IP, Bayer, Seoul, Korea) at a ratio volume of 7 to 3. With a 25-gauge Hamilton syringe, AMSCs were transplanted into ischemic boundary zone (IBZ), right striatum at AP=+0.5 mm; ML=−2.0 mm; DV=−5.0 mm according to bregma.

Behavioral tests
----------------

The motor functions of the animals in both groups were evaluated using rotarod tests, and the motor/sensory functions were assessed by an investigator who was blinded to the experimental groups, by using a Modified Neurological Severity Score (mNSS). In the rotarod motor test, the rats were placed on a rotarod cylinder, and the time required for each animal to fall off the device was measured before MCAO and at 1, 7, 14, 21, 28, and 42 days after transplantation. An mNSS test was performed 1, 7, 14, 21, 28, and 42 days after transplantation to measure functional outcome, which was graded on a scale of 0 to 18 (normal score, 0; maximal deficit score, 18). The mNSS test assesses motor, sensory, beam balance, and reflex responses.^[@bib36]^

Histological analysis of brain tissue
-------------------------------------

For histological analysis of the entire damaged zone, the animals were killed under anesthesia, then subjected to intracardial perfusion with paraformaldehyde solution (Samchun Pure Chemical Co., LTD, Gyeonggi-do, Korea) in PBS (4%, pH 7.4) through the left ventricle at 1 and 6 weeks after transplantation. Brain samples were coronally cryosectioned at a thickness of 30 μm, and the volume of the damaged tissue was determined at 6 weeks after transplantation. The intact areas of contralateral and ipsilateral hemispheres were calculated in each section by using ImageJ software. The damaged tissue volume was determined by using the following equation: volume (%)=ipsilateral/contralateral × 100. Immunohistochemical staining was used to examine processes of cell proliferation, microglia/microphage activation, neurogenesis (immature or early neurons), neuron viability and human cell detection. To this end, primary antibodies directed against the following proteins were used: CD200 (1:1000, R&D system), Iba-1 (1:1000, Wako Chemicals, Osaka, Japan), GFAP (1:1000, Chemicon, Billerica, MA, USA) Doublecortin (DCX; 1:200, Cell Signaling, Beverly, MA, USA), Tuj1 (1:200, Abcam, Cambridge, MA, USA), human nuclei (1:200, Chemicon), NeuN (1:1000, Chemicon). The sections were then incubated with the appropriate secondary antibodies conjugated with Alexa Fluor 488 (1:500, Invitrogen) and Alexa Fluor 594 (1:500, Invitrogen) for 1 hour at room temperature. The images were acquired using a microscope fitted with a digital camera system (Nikon, Japan) and a confocal microscope (Zeiss, Oberkochen, Germany). The images were routed to a Windows PC for quantitative analyses using Adobe Photoshop CS5 software. The total number of the differentiated cells was estimated by using Abercrombie\'s method.^[@bib37]^

Quantitative real-time RT--PCR (q-PCR)
--------------------------------------

The brains from all groups were isolated, and then the ipsilateral hemispheres were homogenized in liquid nitrogen. Total RNA was extracted from brain tissues, including the graft sites, by using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. We converted 1 μg of purified total RNA from the samples into cDNA by using SuperScript III (Invitrogen) and stored all cDNA samples at −80 °C. Real-time PCR was performed using the SYBR-Green reaction kit (Roche, Indianapolis, IN, USA) according to the manufacturer's instructions in a LightCycler (Roche), and the relative expression of the housekeeping gene GAPDH and TNF-α, IFN-γ, IL-1β, IL4, IL6, MCP1, GRO, CD200, IL-10 and TGF-β was determined. The primers used for real-time PCR are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. The values for target gene expression were normalized against those of GAPDH.

Western blot
------------

The ipsilateral hemispheres of the brain samples isolated from all groups were homogenized in liquid nitrogen. The homogenized samples were lysed in RIPA buffer (Thermo Scientific, USA) containing one protease inhibitor cocktail tablet (Roche). Whole lysates were normalized using the BCA assay (Thermo Scientific), and 30 μg of each lysate was subjected to 10% SDS-PAGE and transferred to a PVDF membrane (Millipore). The membranes were blocked in TBS (50 m[M]{.smallcaps} Tris-HCl, pH 7.6, 150 m[M]{.smallcaps} NaCl,) containing 10% skim milk (Becton Dickinson) and then probed with each antibody. Immunoreactions were conducted using an ECL Western Blotting system (Millipore) and visualized using Ez-Capture MG (ATTO). The following antibodies were used in these experiments: anti-CD200 (1:1000, R&D Systems), anti-CD4 (1:200, R&D Systems), anti-CD25 (1:500, Abbiotec, USA), anti-Foxp3 (1:1000), and anti-β-actin (1:2000, Santa Cruz, USA).

Statistical analysis
--------------------

Statistical analyses were conducted on a CHA University mainframe computer using the Statistical Analysis System (IBM SPSS Korea, Inc., Seoul, Korea), version 22.0. The data are presented as the means ± SEM. All statistics were calculated using independent *t*-test (*t*-test) or analysis of variance (ANOVA with a *post hoc* LSD test). A *P*-value of \<0.05 was considered significant.

Results
=======

CD200 is highly expressed in AMSCs under hypoxic conditions
-----------------------------------------------------------

Hypoxic environments induced by stroke may promote or hinder the therapeutic ability of AMSCs, thus raising the question of how AMSCs remain functionally intact to regulate immune responses under conditions of hypoxic stress. We investigated how AMSCs react to hypoxic conditions by using RNA sequencing. The analysis revealed that various genes involved in immune regulation exhibit interesting expression changes under hypoxic conditions. More importantly, CD200, an anti-inflammatory factor and positive regulator of TGF-β, was more highly expressed under hypoxic conditions than under normoxic conditions. Assuming that CD200 plays a critical role in inhibiting inflammation by cooperating with other factors, we investigated the potential molecular interactions between CD200 and well-known anti-inflammatory factors in the interactome.^[@bib38],\ [@bib39]^ by studying the genes exhibiting the shortest distances. Integration of gene expression changes in AMSCs into the interacting genes interestingly revealed that among immune-related factors, only CD200 was significantly up-regulated (log 2 fold change \>2.5; *P*-value \<0.05) in the hypoxic environment ([Figure 1a](#fig1){ref-type="fig"}). This result suggested that CD200 may trigger an anti-inflammatory process in AMSCs in the early stage of stroke characterized by hypoxic environment, thus probably leading to a series of downstream reactions. To confirm the results of the R-seq analysis, we measured CD200 expression in AMSCs. Strong CD200 expression (95.2%, black line) was detected by using FACS analysis ([Figure 1b](#fig1){ref-type="fig"}). Immunocytochemistry detected CD200 expression in AMSCs with DAPI staining under normoxic and hypoxic conditions ([Figure 1c](#fig1){ref-type="fig"}). Although most cells expressed CD200 under both normoxic and hypoxic conditions, higher CD200 expression was observed under hypoxic conditions than under normoxic conditions ([Figure 1c](#fig1){ref-type="fig"}).

CD200-positive AMSCs regulate immune-modulation factors
-------------------------------------------------------

We next investigated whether the CD200-positive AMSCs influence immune-suppressive effects *in vitro*. AMSCs were stimulated with LPS, which mimics inflammation conditions, and were analyzed using q-PCR. As shown in [Figure 2](#fig2){ref-type="fig"}, the stimulated AMSCs dramatically increased CD200 expression (*P*\<0.05) ([Figure 2a](#fig2){ref-type="fig"}). Immune-modulation factors, including TGF-β (*P*\<0.05), IDO (*P*\<0.05), and IL-10 (*P*\<0.05) ([Figures 2b--d](#fig2){ref-type="fig"}), also exhibited increased expression, thus suggesting that AMSCs play an important role in regulating inflammatory conditions. To determine whether the immunomodulatory function of AMSCs is driven by CD200, we used siRNA interference experiments. The siRNA experiments demonstrated that siCD200 efficiently silenced CD200 expression, and this inhibition was maintained after LPS stimulation ([Figure 2a](#fig2){ref-type="fig"}). In contrast, TGF-β, IDO, and IL-10 expression dramatically decreased after CD200 inhibition and exhibited minimal recovery after LPS stimulation ([Figures 2b--d](#fig2){ref-type="fig"}). These results indicated that CD200 may be a key factor for immune-modulation functions in AMSCs.

CD200-positive AMSCs inhibit LPS-induced microglia cell activation and nitrite oxide production
-----------------------------------------------------------------------------------------------

To confirm the effects of AMSCs in LPS-stimulated BV2 cells, the cells were primed with 100 ng ml^−1^ LPS and then co-cultured with AMSCs. The BV2 cells exhibited morphological changes, including an irregularly rounded and amoeboid shape with cytoplasm distributed over a larger area, wavy edges and clumping. After stimulation with LPS for 12 h, the activated BV2 cells exhibited activated forms. However, the BV2 cells co-cultured with AMSCs did not exhibit activation and maintained a small and rounded shape similar to that in the normal group. When stimulated with LPS, BV2 cells were activated, whereas BV2 cell activation was diminished after co-culture with AMSCs. This effect was lost when LPS-induced BV2 cells were co-cultured with AMSCs transfected with CD200 siRNA ([Figure 3a](#fig3){ref-type="fig"}). When microglia are activated, they produce potentially neurotoxic substances, such as nitric oxide (NO), oxygen radicals, proteolytic enzymes, and pro-inflammatory cytokines.^[@bib40]^ We confirmed that the effects of AMSCs on NO production were similar, as shown in [Figure 3a](#fig3){ref-type="fig"}. Normal BV2 cells produced minimal nitrite (7.41±0.38 μ[M]{.smallcaps}). After stimulation with LPS for 12 h, NO production dramatically increased (33.21±1.98 μ[M]{.smallcaps}; *P*\<0.01). In contrast, BV2 cells co-cultured with AMSCs exhibited a significant suppression in nitrite accumulation (15.74±2.18 μ[M]{.smallcaps}; *P*\<0.01). Interestingly, AMSCs transfected with siCD200 exhibited attenuated NO inhibitory effects (24.66±2.45 μ[M]{.smallcaps}; *P*\<0.05) ([Figure 3b](#fig3){ref-type="fig"}). These results suggested that AMSCs suppress microglial activation and associated NO production through CD200.

CD200-positive AMSCs exhibit immune-modulatory effects in LPS-induced activated microglia
-----------------------------------------------------------------------------------------

To confirm the overall ability of AMSCs to enhance immune modulators in LPS-induced activated microglia, CD200 and TGF-β expression in BV2 cells co-cultured with AMSCs in the presence of LPS was measured with q-PCR. We observed significant increases in the immune-modulator CD200 (*P*\<0.01) and TGF-β (*P*\<0.01) in these cells compared with controls ([Figures 3c and d](#fig3){ref-type="fig"}). Microglial cells release pro-inflammatory cytokines, such as IFN-γ, IL-1β, TNF-α and IL-6, after activation. To evaluate the effects of AMSCs on LPS-induced inflammatory cytokine release in BV2 cells, the mRNA expression levels of pro-inflammatory cytokines, including IFN-γ, IL-1β, TNF-α, and IL-6, were measured in co-cultured BV2 cells. As shown in [Figures 3e and h](#fig3){ref-type="fig"}, BV2 cells co-cultured with AMSCs expressed significantly lower levels of pro-inflammatory genes than did vehicle-treated BV2 cells at 12 hours after stimulation. Furthermore, similar results were observed for the chemokines MCP1 and GRO-α ([Figures 3i and j](#fig3){ref-type="fig"}). To identify the immunomodulatory function of CD200 expressed in AMSCs, we used siRNA interference experiments. Interestingly, AMSCs transfected with siCD200 exhibited attenuated immune-modulation effects on AMSCs ([Figure 3](#fig3){ref-type="fig"}). The expression levels of TGF-β and other anti-inflammatory factors were dramatically lower in the BV2 cells co-cultured with CD200 siRNA-transfected AMSCs compared with controls ([Figure 3](#fig3){ref-type="fig"}). These results suggested that AMSCs suppress microglial cell activation through CD200. Furthermore, similar results were observed *in vivo* ([Supplementary Figure S4c](#sup1){ref-type="supplementary-material"}). Altogether, our results indicated that AMSCs induced the up-regulation of anti-inflammatory factors, including CD200 and TFG-β, whereas pro-inflammatory cytokines/chemokines were decreased in toxic and stressful environments, thus suggesting that AMSCs improve the compromised immune system.

Survival and migration of CD200-positive AMSCs after intrastriatal transplantation
----------------------------------------------------------------------------------

The rats received an intracranial transplantation of AMSCs at 24 h after MCAO. With an antibody against human nuclei, AMSCs were clearly detected in the transplanted area at 1 week after transplantation. Human nuclei-positive cells were primarily concentrated at the injected site. Human nuclei-positive cells were detected in the striatum close to the injection site but not in contralateral site at 1 week after cell transplantation ([Supplementary Figure S2A--C](#sup1){ref-type="supplementary-material"}). In addition, a small proportion of human-nuclei positive cells were co-stained with neural markers, DCX and Tuj1 (3.9% of cells co-labeled with human-nuclei, DCX, and Tuj1) ([Supplementary Figure S2D--F](#sup1){ref-type="supplementary-material"}). These findings suggested that the transplanted AMSCs differentiated into neurons at 1 week after transplantation.

Immunomodulatory effects of CD200-positive AMSCs in ischemic stroke brain tissue
--------------------------------------------------------------------------------

The most studied cytokines related to inflammation in acute ischemic stroke are TNF-α, IFN-γ, IL-1β, IL-10 and TGF-β. In a previous study, we have demonstrated that CD200 activates anti-inflammatory pathways and induces immune tolerance. To evaluate the immunomodulatory effects of AMSCs on ischemic stroke brain tissue, we analyzed the mRNA expression of pro-inflammatory and anti-inflammatory factors at 1 day and 1 week after transplantation. The injected AMSCs exhibited significantly increased levels of anti-inflammatory factors, including CD200 (*P*\<0.05), IDO (*P*\<0.05) and IL-10 (*P*\<0.01) ([Figures 4a](#fig4){ref-type="fig"}). The TGF-β expression level was significantly decreased from 1 day to 1 week in the control group, whereas the TGF-β expression in the AMSC group persisted for 1 week ([Figure 4c](#fig4){ref-type="fig"}). Furthermore, the mRNA expression of pro-inflammatory factors increased in the control group from 1 day to 1 week, however the AMSC group showed only slight changes and in contrast to the control group 1 week after transplantation ((IFN-γ, (*P*\<0.05), TNF-α (*P*\<0.05), IL-1β (*P*\<0.05), MCP1 (*P*\<0.01) and GRO-α)) ([Figures 4e--i](#fig4){ref-type="fig"}). These findings suggested that the injected AMSCs gradually improved the immunomodulatory effects of from 1 day to 1 week in stroke.

Decrease in activated microglia cells after CD200-positive AMSC transplantation in a stroke model
-------------------------------------------------------------------------------------------------

We determined whether the immunomodulatory effects of AMSCs might be involved in CD200 expression after transplantation *in vivo* by using immunohistochemistry analysis. CD200 expression was significantly higher (*P*\<0.05) in the region transplanted with AMSCs than controls at 1 week after transplantation ([Figure 5a](#fig5){ref-type="fig"}). After ischemic brain damage, microglia transform into phagocytes and release a variety of substances, many of which are cytotoxic and/or cytoprotective. An inflammatory response in the brain is associated with changes in microglia shape. Under normal conditions, microglia exhibit a ramified appearance with a large number of processes. In the inflamed brain, microglia acquire a rounded amoeboid shape, and the length and number of processes decreases. To determine the effects of cell transplantation on inflammatory responses, we assessed microglia activation in an acute model of stroke by using Iba-1 staining. The staining intensity of Iba-1-positive cells was measured at 1 week after transplantation ([Figure 5b](#fig5){ref-type="fig"}). In the cell treatment group, compared with the PBS control group, the proportion of microglia dispersed in the area significantly decreased, to 50.8% (*P*\<0.01) after 1 week ([Figure 5d](#fig5){ref-type="fig"}). These results suggested more pronounced attenuation of the inflammatory responses of AMSCs compared with the PBS control group. In addition, we detected GFAP-positive cells at 1 week after transplantation, and a similar decrease pattern was also observed. The number of GFAP-positive cells dramatically decreased, to approximately 60% (*P*\<0.01) after AMSC transplantation ([Figures 5b and e](#fig5){ref-type="fig"}). In addition, the group with CD200-positive AMSCs showed a decrease in Iba-1 and GFAP-positive cells compared with the group with CD200-silenced AMSCs ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). Moreover, numerous NeuN-positive cells were detected in the peri-infarct border region ([Figures 5b and f](#fig5){ref-type="fig"}). A Schematic diagram of rat brain coronal section showed the region of peri-infarct border for the Iba-1, GFAP and NeuN positive cells ([Figure 5c](#fig5){ref-type="fig"}). These results demonstrated an AMSC-dependent decrease of Iba-1 and GFAP in the early phase of stroke, and these effects subsequently contributed to neuroprotection. Altogether, these results demonstrated that AMSCs are capable of restraining both microglial and astrocytic activation in the early phase of stroke and subsequently protecting neurons against MCAO-related damage.

Effects of CD200-positive AMSC transplantation on the infarct area and behavioral functional recovery in an MCAO rat model
--------------------------------------------------------------------------------------------------------------------------

To investigate the *in vivo* effect of cell therapy using CD200-positive AMSCs, we transplanted AMSCs into an MCAO rat model. The hematoxylin and eosin stained brain tissues of the rats at 6 weeks after transplantation indicated decreased tissue damage in the affected hemisphere. The extent of the damaged area was measured by calculating the ratio of the remaining tissue in the ipsilateral region and the intact tissue in the contralateral region. The transplantation of AMSCs, compared with the control treatment, decreased the extent of brain damage induced by MCAO at 6 weeks ([Figure 6a](#fig6){ref-type="fig"}). The proportion of the remaining tissue was significantly higher in the AMSC group (66.3%) than in the control group (48%, *P*\<0.05, [Figure 6b](#fig6){ref-type="fig"}). Neurological and functional outcomes were measured by using rotarod and mNSS tests before AMSC transplantation, and at 1 day, 1, 2, 3, 4 and 6 weeks after AMSC transplantation. On the basis of the results of the rotarod test, significant improvements were observed at 1 week (*P*\<0.05) after transplantation, and these improvements continued through 6 weeks (*P*\<0.05) post infarction ([Figure 6c](#fig6){ref-type="fig"}). Similar results were obtained in the mNSS test. Specifically, no significant differences were observed between the AMSC group and the PBS control group in terms of neurological scores immediately after infarction. However, after 4 weeks (*P*\<0.05), the neurological scores were significantly improved in the AMSC group compared with the PBS control group, even at 6 weeks (*P*\>0.05) post infarction ([Figure 6d](#fig6){ref-type="fig"}). Both tests revealed that the apparent functional improvement was time-dependent, thus suggesting that as a cell therapy, transplanted AMSCs decrease the infarct size and ameliorate behavioral deficits in MCAO models.

Neuroprotective effect of CD200-positive AMSCs on remaining tissue after transplantation
----------------------------------------------------------------------------------------

We explored whether stroke triggers neurogenesis in both the control and AMSC transplantation groups. To identify the positive effects of CD200-positive AMSCs at 6 weeks after transplantation, the number of Iba-1- and NeuN-positive cells was examined in the remaining brain tissues after MCAO by using immunohistochemistry ([Figure 7a](#fig7){ref-type="fig"}). A significantly higher number of NeuN-positive cells (*P*\<0.05) was observed in the AMSC group compared with the control group, whereas the number of Iba-1-positive cells (*P*\<0.001) was significantly lower in the AMSC group than in the control group ([Figure 7b](#fig7){ref-type="fig"}). Furthermore, the adoptive transfer of regulatory T-cells (Tregs) showed inflammatory suppression responses in several disease models.^[@bib41],\ [@bib42],\ [@bib43]^ To investigate the effects of Tregs in ischemic stroke rat models, we measured the protein expression of Foxp3, CD4 and CD25 in the investigated population of Tregs by using western blotting. The protein levels of Foxp3 were substantially increased in the AMSC group at both 1 and 6 weeks, although no changes in CD4 and CD25 expression were observed ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Notably, the expression levels of NeuN and CD200 dramatically increased in the AMSC group ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Regarding inflammatory responses, AMSC transplantation dramatically decreased the activated form of microglia cells, thereby indicating that cell transplantation suppressed the activity of microglia-induced inflammation. Thus, CD200-positive AMSC transplantation represses microglia activation and consequently elicits protective effects on damaged neurons.

Discussion
==========

Although many types of pathogenesis are related to stroke, a growing number of studies have recently focused on the acute brain inflammation associated with ischemic stroke. Various attempts to control post-stroke inflammation are underway, and MSCs are drawing attention as a new therapeutic agent for inflammatory diseases, owing to their unique immunosuppressive ability. Placenta-derived MSCs (PMSCs) exhibit superb immune-suppressive function, as compared with adipo- or bone marrow-derived MSCs.^[@bib44],\ [@bib45]^, and exert therapeutic effects in neurodegenerative diseases, such as Alzheimer's or Parkinson's disease.^[@bib24],\ [@bib46]^ In recent studies, the effects of hypoxic-conditioned PMSCs on scar formation have been explored. Hypoxic conditions enhance the proliferation of PMSCs and hypoxic-conditioned PMSCs protect against scar formation *in vivo*.^[@bib47]^ However, the mechanism by which injected AMSCs survive under barren conditions and elicit therapeutic effects remain to be elucidated. The present study demonstrated that the initial reaction of AMSCs in the ischemic environment through the increased expression of CD200, particularly under hypoxic conditions, played a crucial role in the observed therapeutic effects. The R-seq results ([Figure 1](#fig1){ref-type="fig"}) revealed significantly higher CD200 expression under hypoxic conditions compared with normoxic conditions. We further confirmed the role of CD200 among anti-inflammatory factors, thus suggesting that AMSCs expressed higher levels of CD200 compared with other anti-inflammatory factors under ischemic conditions. The siCD200-transfected AMSCs exhibited decreased TGF-β, IDO and IL-10 expression and introduced a small range of recovery after LPS stimulation. These results further suggested that CD200 may regulate other upstream anti-inflammatory factors, such as TGF-β, IDO and IL-10. A recent study has reported that the interaction between CD200 and CD200 receptors subsequently induces the expression of anti-inflammatory factors, including IDO, IL-10 and TGF-β.^[@bib26],\ [@bib27]^ The results of q-PCR analysis showed the increased expression of CD200 and other anti-inflammatory factors, including TGF-β, IL-10, and IDO, in LPS-stimulated AMSCs. Thus, we propose that increased CD200 expression induces the targeting of one or more immunosuppressive pathways.

Generally, one to six hours after stroke, microglia cells are activated, and pro-inflammatory cytokines are rapidly up-regulated, thereby resulting in inflammatory injuries in the brain.^[@bib48],\ [@bib49]^ Here we obtained mRNA from the brain at an early stage of stroke in a rat model after cell transplantation. Alterations in cytokine expression at 1 day and 1 week after cell transplantation were measured. At 1 day after transplantation, only CD200 exhibited statistically significant differences between the AMSCs and control groups, whereas other factors exhibited no statistically significant differences. In contrast to the results obtained at 1 day, brain measurements at 1 week post-transplantation revealed a statistically significant decline in all pro-inflammatory cytokines in the AMSC group and a significant increase in immunomodulatory factors. On the basis of this result, we hypothesized that AMSCs may influence innate immune cells in the acute phase in brain tissue, thus relieving brain inflammation in the early stages of a stroke. Moreover, 1 week after AMSC transplantation, a minimal number of cells differentiated into neuronal cells expressing DCX and Tuj1 ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Tuj1 exhibited imperfect morphology at 1 week after transplantation, and Tuj1 was not detected at 2 week after transplantation (data not shown). This result indicated that after transplantation into the rat brain, the AMSCs regulate inflammatory factors; however, the long-term survival of these cells is poor in the early stages of stroke, thus reflecting the barren environment of the impaired brain region. We hypothesized that the injection of AMSCs in the early stage of stroke controls the disrupted balance of cytokines and favors an environment facilitating recovery. In addition, the ramified morphology of microglia after the stroke was altered to an activated morphology, and these cells were observed at high density around the damaged region. After damage, microglia exerted a defensive function in the front line. However, as damage increases over time, reflecting pro-inflammatory cytokine release by activated microglia, the presence of immune modulation factors in an early stage of stroke may provide a crucial therapeutic key to prevent further damage that might lead to a larger infarct volume after stroke. One week after transplantation, the brain contained large amounts of microglia with activated morphology. The intensity of activated microglia in the cell transplantation group was dramatically lower, and more CD200-positive cells were observed in the affected regions, thus consequently leading to long-lasting functional recovery. Recent studies have not only focused on the therapeutic effect of MSC transplantation but also have demonstrated the effects of conditional medium (CM) on MSC-dependent therapy in a stroke model. The CM of bone marrow-derived MSCs has been found to decrease the infarct volume at 1 week post MCAO.^[@bib50]^ Because the CD200-positive AMSCs exhibited immunomodulatory effects, we assessed whether the CD200 and/or CM expressed in AMSCs might also exert therapeutic effects in a stroke model.

Finally, kinetic functionality was evaluated until the 6th week after transplantation to observe long-term functional improvements. The AMSC group exhibited a statistically significant level of improvement in a time-dependent manner ([Figure 6](#fig6){ref-type="fig"}). In relation to this observation, we measured damaged portions in the brain tissue and confirmed a decrease in the sizes of the damaged tissue regions in the AMSC group ([Figure 6](#fig6){ref-type="fig"}). On the basis of these results, we hypothesized that the immunomodulatory functions of AMSCs stabilized the activated microglia to a re-ramified resting state in the early stage of stroke under ischemic conditions by controlling the imbalance of cytokines in the acute phase. Then, the converted microglia normalized the impaired toxic condition to a healthy brain environment, thus ultimately improving motor functions and further regenerating damaged neurons. These results indicated the initial effects of high CD200 expression in AMSCs constitute a key therapeutic factor that leads to a healthy brain environment and consequently regenerates neurons, thus potentially facilitating fast recovery. In this study, we used AMSCs to characterize the therapeutic effects of immune regulation in stroke. MSCs can be derived from various tissues, including adipose tissue, peripheral blood, placenta, and bone marrow. Because MSCs from different sources possess different immunomodulatory properties.^[@bib51]^, further studies should assess whether MSCs derived from other sites also show the increased expression anti-inflammatory factors, particularly CD200, and exhibit an immunomodulatory effect on stroke. To determine how the effects of CD200-positive AMSCs on the immune system are directly linked to the processes underlying neural repair after stroke, we analyzed the short-term immunomodulatory effects of CD200-silenced AMSCs at 1 week after transplantation. To demonstrate the direct and long lasting role of CD200 in AMSCs, more robust knockout experiments are needed. In conclusion, in an environment of inflammatory injuries, AMSCs increase the levels of the immunomodulatory factors, including CD200. This phenomenon is effective in controlling the cytokine imbalance in activated microglia. This function of AMSCs suppresses the expression of pro-inflammatory cytokines produced and decreases microglia activation in the early stages of brain ischemia. The modulating effects of transplanted AMSCs on the innate immune system decrease the inflammatory responses resulting from damage and even provide protective effects, thus ultimately improving motor functions. In conclusion, the present results demonstrated that the MSCs originating in the placenta are an effective cell therapeutic agent for inflammation-related diseases.[](#sup1){ref-type="supplementary-material"}
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![RNA-sequencing analysis and CD200 expression of AMSCs. (**a**) Network of immune modulation factors in hypoxic compared with normoxic conditions in AMSCs. Log-fold changes are indicated from low (green) to high (red). (**b**) The strong expression (95.2%, black line) of CD200 in AMSCs was measured using FACS analysis. (**c**) Immunocytochemistry detecting CD200 (red) expression in AMSCs with DAPI (blue) under normoxic and hypoxic conditions (scale bar=25 μm).](emm2017233f1){#fig1}

![Measurement of immune modulation factors in AMSCs after LPS stimulation and CD200 inhibition. (**a**) CD200 expression was highly increased after LPS stimulation, as compared with levels in the normal group. CD200 expression was silenced after CD200 siRNA transfection and maintained after LPS stimulation. The expression of immune modulation factors (**b**) TGF-β, (**c**) IDO and (**d**) IL-10 increased after LPS stimulation. The expression of all factors decreased after CD200 inhibition and showed small range of recovery after LPS stimulation. \*: vs Normal; ^\#^: vs LPS; ![](emm2017233i1.jpg)vs CD200 inhibition, *P*\<0.05 for each comparison. Data are expressed as the mean standard error of the mean.](emm2017233f2){#fig2}

![CD200-positive AMSCs inhibit the activation of microglial cells induced by LPS. (**a**) When stimulated with LPS, BV2 cells were activated (second panel of **a**), whereas this BV2 cell activation decreased after co-culture with AMSCs (third panel of **a**). This effect disappeared when LPS-induced BV2 (murine microglial cell line) cells were co-cultured with AMSCs transfected with CD200 siRNA (fourth panel of A). (**b**) BV2 cells co-cultured with AMSCs exhibited a significant suppression of nitrite accumulation. q-PCR analysis of (**c**, **d**) anti-inflammatory factors CD200, TGF-β and (**e**--**j**) pro-inflammatory factors IFN-γ, TNF-α, IL-1β, IL-6, MCP-1 and GRO-α in the same groups above. \*: vs Normal; ^\#^: vs LPS; ![](emm2017233i2.jpg)vs LPS + co-culture, *P*\<0.05 for each comparison. Data are expressed as the mean standard error of the mean.](emm2017233f3){#fig3}

![Measurement of mRNA expression of anti-inflammatory and pro-inflammatory factors after AMSC transplantation. (**a**--**d**) mRNA expression of the anti-inflammatory factors CD200, IDO IL-10 and TGF-β was higher in the rat brain at 1 week after AMSC transplantation (dashed line) than after control treatment (solid line), as determined via q-PCR, whereas the expression of (**e**--**i**) pro-inflammatory factors (IFN-γ, TNF-α, IL-1β, MCP-1 and GRO-α) was lower at 1 week after AMSC transplantation (dashed line) than after control treatment (solid line). \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05 for each comparison.](emm2017233f4){#fig4}

![Neuroprotective effect of CD200-positive AMSCs at 1 week after transplantation. (**a**) CD200 (red) expression merged with DAPI (blue) was significantly higher at 1 week after AMSC transplantation than after control treatment. (**b**, **d**) Decreased Iba-1-positive (green) cells merged with DAPI (blue) were detected, particularly in the peri-infarct border, in the AMSC group compared with the control group. (**b**, **e**) GFAP-positive cells (green) were also decreased around peri-infarct border, whereas (**b**, **f**) NeuN-positive cells (red) were higher in the AMSC group compared with the control group. (**c**) Schematic diagram of the Iba-1, GFAP and NeuN detection regions. \*\*\* *P*\<0.001; \*\* *P*\<0.01; \* *P*\<0.05 for each comparison. Data are expressed as the mean standard error of the mean. (Scale bar=50 μm).](emm2017233f5){#fig5}

![Effects of CD200-positive AMSCs in stroke model after transplantation. (**a**) Detection of lesion development by using H&E staining showed distinctly smaller lesion size in the AMSC group 6 weeks after AMSC transplantation (**b**), characterized by a decrease in the infarct ratio, than in the control group. Behavior test measured in control and AMSC-transplanted groups using (**c**) rotarod and (**d**) mNSS tests. Behavior was assessed at 1 day after transplantation and reassessed every week after transplantation. The 6-week AMSC-transplanted group, compared with the control group, showed behavioral improvements in both rotarod and mNSS tests. \**P*\<0.05; ^\#^*P*\<0.06 for each comparison. Data are expressed as the mean standard error of the mean.](emm2017233f6){#fig6}

![Protective effects of CD200-positive AMSCs on microglia and mature neurons at 6 weeks after transplantation. (**a**) Decreased Iba-1-positive cells and increased NeuN-positive cells were detected at 6 weeks after CD200-positive AMSC transplantation. (**b**) A significant difference in the number of Iba-1-positive (cortex and striatum) and NeuN-positive cells (cortex) was observed between the AMSC-transplanted group and the control group at 6 weeks after transplantation. \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05 for each comparison. (Scale bar=50 μm). Data are expressed as the mean standard error of the mean. (Scale bar=50 μm).](emm2017233f7){#fig7}
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